These alternative mechanisms were investigated in a p Ͼ 0.75). The corresponding mean dЈ scores for the left and right hemifields were 2.33 and 2.47. In the neutral recent study (Martinez et al., 1999 ) that combined ERP recordings with fMRI in order to examine the time course condition (no discrimination required), the mean rate of correct responding was 88.1% (SD ϭ 4.7%). of neural activity enhanced by attention in different cortical areas. In this study, subjects were required to discriminate a central letter target from surrounding disfMRI tractors in stimulus arrays that were presented in Selective attention effects in the six subjects participatrandom order to the left and right visual fields. The fMRI ing in the fMRI experiment were first examined across data showed attention-related increases in neural activtrial blocks that included both cue-and stimulus-related ity in retinotopic areas V1, V2, V3/VP, and V4v in the activity within each trial. In this analysis, the attendhemisphere contralateral to the attended visual field. left and attend-right conditions were compared using ERP recordings obtained in a separate session, how-SPM99 (Wellcome Department of Cognitive Neurology, ever, showed no evidence of attentional modulation of London, UK). Significant MR signal increases were the early "C1" component (onset at 50 ms) that is considfound in several posterior cortical regions of the hemiered to be the initial evoked response in primary visual sphere contralateral to the attended visual field, includ-(striate) cortex. Accordingly, it was suggested that the ing the calcarine fissure, lingual and fusiform gyri, middle increased activity in area V1 seen with fMRI might be and inferior occipital gyri, transverse occipital sulcus, the result of delayed processing of enhanced feedback and middle and inferior temporal gyri ( Figure 2A ; signals to V1 from higher visual areas. Dipole modeling Table 1 ). of the neural sources of these ERPs was consistent with
The second phase of the analysis separated the overa delayed attention effect in area V1 (Martinez et al., lapping hemodynamic responses associated with the 2001), but it was difficult to distinguish V1 activity from attention-directing cue and the task stimuli, respecconcurrently active sources in neighboring extrastriate tively, using a linear deconvolution procedure (Dale, cortex in these ERP recordings.
1999; Hinrichs et al., 2000). Separate statistical analyses The present study employed recordings of both magof the cue-and stimulus-related BOLD signals were netic and electrical brain responses in conjunction with
carried out for those voxels that showed significant effMRI in order to clarify the participation of area V1 in fects in the blocked design comparison. The cue-and spatial selective attention. On each trial, subjects were stimulus-related attention effects showed overlapping shown an attention-directing cue, which was followed cortical distributions, with the latter being more spatially after a short interval by a rapidly presented sequence extensive and consistent across subjects (Figures 2B of bilateral stimuli, one side of which was to be attended and 2C; Table 1 ). In particular, attention-related activity (Figure 1 ). The overlapping BOLD responses to the cue in the calcarine area was much more prominent in assoand to the bilateral stimuli were differentiated by a linear ciation with the task stimuli than in response to the deconvolution technique (Dale, 1999; Josephs and Henattention-directing cue. son, 1999; Burock and Dale, 2000; Hinrichs et al., 2000), To localize these attention-related patterns of activity and attention-related modulations were localized with to specific visual areas, significant activations were prorespect to retinotopically mapped borders of striate and jected onto flattened representations of each individuextrastriate visual areas (Sereno et al., 1995) . Colocalizaal's retinotopically mapped visual cortex ( Figure 2D ). tion of the hemodynamic and electromagnetic attention Cue-related attention effects were more evident in effects obtained in separate sessions in the same subhigher visual areas, while stimulus-related effects jects yielded information about the time course of striate formed a chain of activations in retinotopic areas V1, and extrastriate activations. The combined recording of V2v, VP, and V4v at cortical locations representing the ERPs and event-related magnetic fields (ERMFs) alattended stimulus position in the contralateral upper lowed detection of both tangential and radially oriented visual field. Stimulus-related activations were also seen neural sources within the different cortical areas. Using in the fusiform gyrus anterior to area V4v, in the upper these techniques, the aim was to determine whether field map of area V3a, and in the middle occipital gyrus/ attention-related BOLD effects in V1 reflect the anticipatransverse occipital sulcus anterior to area V3a. The tory cueing of attention or the subsequent processing enhancement of stimulus-related activity in area V1 conof the task stimuli, and in the latter case, whether a tralateral to the attended visual field was consistently delayed attentional modulation in area V1 could be obobserved in all subjects ( Figure 3A ). This contralateral served directly in the electrical and/or magnetic brain enhancement of neural activity in V1 was also evident recordings.
when the attend-left and attend-right conditions were contrasted with the neutral condition ( Figure 3B ). To quantify the degree of lateralization of the attenResults tion-related neural activity in the different areas, the stimulus-related BOLD signals from the hemisphere Behavioral Results There were no significant differences in target discrimicontralateral to the attended visual field were compared with those from the ipsilateral hemisphere and with nation accuracy between the MEG and fMRI sessions (F(1,5) ϭ 0.667; p Ͼ 0.44). Over both sessions, the mean those obtained in the neutral condition ( Figure 3C ). For each area, a laterality index was calculated as the ratio hit rates (for discriminating inverted versus upright "T"s) at attended locations in the right and left hemifields were of BOLD signal amplitudes over 6-16 s after stimulus was highly similar for attend-left and attend-right conditions ( Figure 4B ) with a negative amplitude maximum at ERP Recordings The ERP waveforms of the nine subjects participating midline parietal sites. At lateral occipital sites, the initial phase of the P1 positivity was also evident at 80 ms. in the concurrent ERP and ERMF recordings included an initial C1 component (onset at ‫06ف‬ ms, peak at 90-95
The neural sources of C1 were estimated by fitting a single dipole to its grand average voltage distribution ms) having a midline parietal distribution, followed by a P1 wave (onset at about 70 ms, peak at 110-120 ms) during the interval 67-83 ms using the CURRY 4.0 analysis program based on a realistic-head boundary-elethat was maximal over lateral occipito-temporal sites ( Figure 4A ). Also evident were an occipito-parietal N1 ment model. For both attend-right and attend-left conditions, the best-fit C1 dipoles were situated in the region (onset at ‫041ف‬ ms, peak at 160-170 ms) and a broadly distributed P2 (onset at ‫002ف‬ ms, peak at 220-230 ms).
of the calcarine fissure ( Figure 4E ) with Talairach . estimated dipole locations for the C1 were close to the fMRI activations in the calcarine/V1 area, while the esti-A small attention effect was observed in the ERMF at around 100 ms that may correspond to the electrical P1 mated locations of the early P1 and late effect ERP dipoles were close to fMRI activations in the middle and effect. The attend-right minus attend-left difference field at 100 ms ( Figure 5C ) could be modeled by a pair of superior occipital gyri, respectively (see Table 1 ). dipoles in lateral extrastriate cortex (coordinates Ϫ31, Ϫ81, 11 and 24, Ϫ81, 12) with GOF ϭ 91% ( Figure 5E ).
ERMF Recordings
This attentional modulation did not reach statistical sigThe ERMF waveforms were characterized by a prominificance, however, for any sensor sites. nent M1 component (onset at ‫06ف‬ ms, peak at 90-100 A more substantial ERMF attention effect was seen ms), which, like the electrical C1 component, was not in the 140-250 ms range ( Figure 5A , late effect). This affected by manipulations of attention ( Figure 5A ). The M1 had a strong dipolar field distribution centered at attention effect was significant at the posterior field shown in Figure 3B ; these V1 dipoles accounted for the These attention-related difference fields developed at late attention effect in the MEG over 200-220 ms better around 140-150 ms and reached a maximum strength than did dipoles seeded to corresponding fMRI activaat 210-230 ms (Figures 6A and 6B) . Source modeling tions in the lingual or fusiform gyri in every subject (mean indicated that these attend-left minus neutral and atvalues are shown in Figure 7D ). In the second test, a tend-right minus neutral difference fields could both be distributed source model (LORETA) was applied to the accounted for by three dipolar sources in the interval EMRF distributions of the attend-left minus neutral and 189-224 ms with GOFs of 92% and 93%, respectively. attend-right minus neutral differences over 200-220 ms. These sources were located in midline occipital (coordiThe resulting current density distributions ( Figure 7E ) nates Ϫ3, Ϫ78, 11 for attend-left minus neutral and Ϫ3, indicate a tight clustering of sources for the late effect Ϫ83, 5 for attend-right minus neutral), left central (coorin the calcarine region that closely matches the location of the ECD solutions. dinates Ϫ38, Ϫ25, 56 and Ϫ37, Ϫ16, 49), and right cen- 
Discussion
deconvolution procedure indicated that these attentionrelated increases in the BOLD signal in V1 were closely time-locked to presentations of the task stimuli. ToThe present results provide combined electromagnetic and hemodynamic evidence that the primary visual corgether, these findings support the hypothesis that spatially directed attention produces a delayed processing tex (area V1) plays a role in visual spatial attention that involves receiving delayed feedback signals from higher of task-relevant stimuli in primary visual cortex. The fMRI findings reported here are in line with previcortical areas. Whereas the initial response evoked at 60-90 ms that was localized to calcarine cortex by dipole ous reports that directing attention to a location away from the midline produces an increase in neural activity modeling remained unaffected by attention, longer latency activity in the 140-250 ms range having an identiin multiple areas of the visual cortex of the contralateral hemisphere, including the retinotopic areas V1, V2, V3/ cal localization was found to be strongly modulated by attention to the task stimuli. This late attention effect VP, V3a, and V4, as well as higher areas belonging to both the dorsal and ventral processing streams (see observed in the ERMF was also colocalized with a hemodynamic attention effect revealed by fMRI and shown Introduction). The present experiment separated fMRI activations linked with attentional orienting to the cue by retinotopic mapping to be situated in area V1 of the hemisphere contralateral to the attended visual field. A from those associated with processing of the task stim- . Thus, the present may be a consequence of the demanding perceptual discrimination of target information that was required. study adds to the evidence that the initial stimulusevoked activity in area V1 is not influenced by spatial Despite this clear fMRI evidence for V1 activity linked to processing the task stimuli, the earliest evoked elecattention. The earliest ERP modulation produced by attention trical (C1) and magnetic (M1) responses elicited by those stimuli (at 60-90 ms), which were localized by dipole to the present bilateral stimuli was an enhanced P1 positivity in the range 80-130 ms over the occipital scalp modeling to calcarine cortex, did not show significant modulation as a function of direction of attention. This contralateral to the attended visual field. This lateralized P1 effect replicates many previous findings using both lack of sensitivity of the C1 to attentional manipulations (1995) found that the dipole representing the delayed attention-related response in V1 was colocalthat dipoles seeded to the V1 activations accounted for the late MEG attention effect better than dipoles seeded ized with the dipole that was fit to the earlier M1 response at around 90 ms but was opposite in polarity. to either lingual or fusiform gyrus activations. An inverse modeling technique that uses a distributed source This is consistent with the present data and suggests a mechanism whereby delayed feedback activates difmodel (LORETA) also indicated a compact clustering of sources localized to calcarine cortex rather than being ferent cortical layers and/or different synaptic configurations than does the initial sensory input into area V1 diffusely distributed. A further consideration is that the dipoles fit to the late attention effect in the attend versus (Mehta et al., 2000) . In any case, the present MEG data, together with the converging fMRI evidence, provide neutral comparisons were invariably oriented superiorly and were approximately perpendicular to the calcarine strong support for the hypothesis that the primary visual cortex is reactivated in the 150-250 ms time range folfissure. Such an orientation is consistent with a neural generator in area V1 within the calcarine fissure but not lowing a stimulus within the focus of spatial attention. sponse (the C1 at 55-90 ms) in primary cortex remained response strongly suggests that the long-latency attention effect observed here was associated with spatially invariant. Consistent with this hypothesis, dipole modeling of the ERP attention effects showed that the calselective attentional processing and not with nonselective aspects of task performance such as task difficulty. carine dipole fit to the early C1 also accounted for a late attention-related modulation in the 160-250 ms range
The present findings together with those mentioned above suggest that the following sequence of cortical (Martinez et al., 2001 ). This delayed attention effect was only evident in the source waveforms of the dipole events unfolds during visual-spatial attention. The initial burst of neural activity triggered in area V1 at 55-60 ms model, however, and was not seen directly in the ERP waveforms, probably because it was overshadowed by does not seem to be affected by attention, and the earliest enhancement of attended inputs takes place in concurrent activity arising from neighboring extrastriate areas. In contrast, in the present MEG recordings, the extrastriate areas (in or near areas V3/VP, V3a, and V4) beginning at 75-80 ms. These enhanced extrastriate delayed attention effect localized to calcarine cortex could be observed directly, presumably because its disignals, reflected in the enlarged P1 component at 80-130 ms, then influence processing in area V1 in the time polar source was oriented tangentially to the scalp and thus produced a stronger magnetic signal than the more range 140-250 ms, presumably by means of feedback connections to V1 from these higher extrastriate areas. radially oriented extrastriate generators. This delayed MEG effect (at 140-250 ms) was evident both in the An alternative mechanism, however, would be that the enhanced extrastriate signal is sent to another area speattend-left versus attend-right and in the attend left/ right versus neutral comparisons, and these same comcialized for attentional control that in turn projects to area V1 (Super et al., 2001) . Whatever the exact mechaparisons showed strong contralateral fMRI activation in area V1 in all subjects. This correspondence between nism, this delayed activity in area V1 might play an important role in enhancing the figure-ground contrast and the late MEG effect and the lateralized hemodynamic 
fMRI Analysis Experimental Procedures
After standard preprocessing steps (slice-acquisition-time and motion correction, normalization, spatial smoothing, high and low-pass Subjects filtering, and rescaling to the global mean; SPM99, Wellcome DeNine healthy adult subjects (six male, age range 19-35 years, mean partment of Cognitive Neurology, UK), the statistical analysis of the age ϭ 25.7 years) with no psychiatric or neurological disorders block design was performed using a box-car reference function participated in the MEG/ERP recordings after providing written inconvolved with a modeled hemodynamic response function and the formed consent. Of these subjects, six (four male, mean age ϭ 26.2 temporal derivative of the box-car function for each subject years) also participated in the fMRI study, which used the same (SPM99). Individual anatomical scans were coregistered with the stimuli and task.
functional images and normalized to 1 ϫ 1 ϫ 1 mm 3 to serve as an overlay for the activated areas.
Stimuli and Tasks
In addition, for each subject, activated voxels of the contrast During testing, subjects maintained fixation on a central cross while attend-right versus attend-left were identified and used as regions stimuli were presented on a projection screen adapted to either the of interest for a subsequent analysis in which cue and stimulus-MEG recording chamber or the fMRI scanner, respectively. The related modulations of the BOLD response could be separated using bilateral task stimuli consisted of a 3 ϫ 3 array of "plus" signs in a deconvolution procedure ( Hz) using a 148 magnetometer whole head system (Magnes 2500 were given an initial training session and had to achieve 75% correct WH, 4-D-Neuroimaging). EEG data were acquired simultaneously discriminations before continuing to the MEG/ERP recording sesfrom 32 electrode sites (Fp1, Fp2, F7, F3, Fz, F4, F8, FC1, FC2, T7, sion, which was followed by the fMRI session on a different day C3, Cz, C4, T8, CP1, CP2, P7, P3, Pz, P4, P8, PO7, PO3, PO4, PO8, within the same week for six of the subjects. The discrimination Oz, O9, Iz, and O10, left mastoid, right horizontal, and vertical EOG task was difficult in that subjects only reached the above mentioned according to the 10-20 system of the American Electroencephaloaccuracy criterion after 0.5-2 hr of extensive training. The stimulus graphic Society) at the same sampling rate and bandwidth as the parameters (luminance, contrast, presentation time, eccentricity) MEG. The MEG sensor coordinates were localized with respect to were held constant across the ERP/MEG and fMRI sessions as well the subject's head using a spatial digitization device (Polhemus as across all subjects. Fastrack). Coregistration of the MEG sensors with the individual structural MR images was accomplished by interactively localizing MR Data Acquisition skull landmarks in the images. Eye movements were monitored in Subjects were scanned with a neuro-optimized GE Signa LX 1.5 T the same way as during fMRI. system (General Electric, Milwaukee, WI). In a structural session, whole-head T1 weighted images were acquired (quadrature head coil 3D-SPGR echo sequence, TR/TE/flip angle ϭ 24 ms/8 ms/30Њ, spatial ERMF/ERP Data Processing After artifact rejection (peak-to-peak amplitude criterion of 100 V), resolution 1 mm ϫ 1 mm ϫ 1.5 mm, matrix 256 ϫ 256 ϫ 124).
During task performance, functional data from 14 slices (5 in. ERPs were selectively averaged for each attention condition (attendleft, attend-right, and neutral). ERP components were quantified as surface coil, TR/TE/flip angle ϭ 2000 ms/40 ms/80Њ, ramp sampling on, matrix 64 ϫ 64, field of view 18 cm, slice thickness 3 mm, no mean amplitudes over specified latency ranges with respect to a 200 ms prestimulus baseline. gap, orientation perpendicular to the calcarine fissure) covering the occipital cortex were collected. The experiment consisted of eight Environmental noise was removed from the ERMF recordings by subtracting an individually weighted sum of MEG reference signals runs, each lasting 580 s (290 volumes). During each run, eight blocks of each attention condition (left, right, neutral) and six blocks of an (picked up from eight additional sensors located ‫02ف‬ cm distance from the helmet's surface) from each of the MEG channels (see additional passive fixation condition were presented in a pseudorandom, counterbalanced order. In a separate session, fMRI data for Robinson, 1989) . In a second step, artifacts were removed using a peak-to-peak amplitude criterion of 5 pT. ERMFs were separately determining individual field sign maps of the retinotopically organized visual areas were obtained using the method of Sereno et al.
averaged for each attention condition over a 1.0 s epoch with a 200 ms prestimulus baseline that was used as a reference interval for (1995), modified according to Tootell et al., (1997) .
During functional runs, eye movements were controlled using a amplitude measures. Individual subject's ERMFs were recalculated for a standardized video recording system showing movements of the left eye by means of an infrared light transmission device. The resolution of grid of 164 virtual sensor positions using a method proposed by Ilmoniemi (1993) as implemented in the ASA program (A.N.T. Softthis system for the detection of eye movements was better than
